The chromosomally encoded galactose utilization (gal) operons of Salmonella typhimuium and S. typhi were each cloned on similar 5.5-kflobase HindmI fragments into pBR322 and were identified by conpiementation of Gal-Escherichia coli strain. Restriction endonuclease analyses indicated that these Salmonelae operons share considerable homology, but some heterogeneities in restriction sites were observed. Subd ng d exonuclease mapping experiments showed that both operons have the same genetic organization as that establised for the E. coligal operon (i.e., 5' end, promoter, epimerase, transferase, kinase, and 3' end). Two (kinase, 380 aa's). Despite functional and organizational similarites, DNA sequence analysis revealed that the S. typhimurium gal genes show less than 70% homology to the E. colU gal operon. Because of codon degeneracy, the deduced amino acid sequences of these polypeptides are highly conserved (>90% homology) as compared with those of the E. coil gal enzymes. These stdies have defined basic genetic parameters of the gal genes of two medally important Salmonela species, and our findings support the hypothesized divergent evolution of E. coil and Salmonella spp. from a common ancestral parent bacterium.
Salmonella typhimurium is a facultative intracellular pathogen of mice and the leading cause of gastroenteritis in humans in the United States (4, 6) . Parenteral and attenuated live vaccines against salmonellosis have been tested in experimental animals and human volunteers. The low efficacy and unpleasant side effects obtained through parenteral immunization with heavy suspensions of killed bacteria have prompted investigations into the use of live attenuated oral vaccines against salmonellosis (2, 9, 27, 30) . A galE mutant of Salmonella typhi, Ty2la, has been shown to be effective in protecting against typhoid fever without producing any side effects. However, a protection efficacy of only 60% was observed in S. typhi Ty2la in a field trial in Chile (19) . In addition to the weak immunogenicity of galE mutants, the galactose sensitivity of galE mutants is lost in the presence of galactose. This fact poses an even greater problem for the immunogenicity of galE mutants because galactose is required to synthesize the complete antigenic lipopolysaccharide, i.e., smooth lipopolysaccharide. Furthermore, all the galE mutants, including Ty2la, used as vaccine strains have been derived by nonspecific mutagenesis, i.e., UV light or nitrosoguanidine mutagen treatment. Thus, in addition to the specific galactose mutation, galE, these mutant strains also contain other undesirable characteristics, such as slow growth and a poor survival rate because of the lyophilization process (10) .
The gal operon of Escherichia coli is known to consist of three structurally continuous genes which specify the enzymes required for the metabolism of galactose: galE (UDPgalactose 4-epimerase), galT (galactose-l-phosphate uridylyltransferase), and galK (galactokinase). These genes are * Corresponding author.
expressed from a polycistronic mRNA in the order galE, galT, and galK (1, 24) . The genetic structure of the genes encoding these enzymes in S. typhimurium was partially characterized by Hone and colleagues (14, 15) . They utilized the available information to construct defined galE mutants of S. typhimurium and S. typhi. These mutants were found to be avirulent and protective in mice (15) . However, the galE mutant of S. typhi Ty2 derived by Hone et al. was found to be virulent in humans (14) . To help in elucidating the complete genetic structure of the gal operons of S. typhimurium and S. typhi, we cloned the gal genes from these organisms. Using endonuclease restriction mapping, subcloning techniques, and minicell labeling experiments, we found three clustered structural genes encoding the galac- (21) . Exonuclease III mapping also confirmed that the S. typhimurium gal genes were progressively deleted in the order galE, galT, and galK. Once deletions go beyond the galE locus, the remainder of the galT and galK genes can still be expressed in the absence of the gal promoter by utilization of the lac promoter of pUC19.
Galactose repressor titration. The gal repressor of E. coli binds to the gal operator region (16, 20 quences between the -10 and -35 regions for these organisms (Fig. 4) . Sequencing the entire gal operon of S. typhimurium. Exonuclease III was used to create nested deletions of the 5.5-kb HindIII insert of pHH2, which codes for the entire gal operon of S. typhimurium. Twenty-six independent deletion plasmids were isolated and identified among the pool of recombinant plasmids of the pHH2 derivative previously treated with exonuclease III (see Materials and Methods for details). These plasmids were found to have deletions ranging from 100 to 300 bp and spanning the entire gal operon of S. typhimurium. Thus, the entire nucleotide sequence was determined with these plasmids as DNA templates by means of the dideoxynucleotide termination reactions of Sanger et al. (28) . A Biosearch DNA synthesizer was used to synthesize oligonucleotide primers complementing the available nucleotide sequences. These synthetic primers were used to sequence the opposite DNA strand. A total of 5,490 bp of nucleotide sequence was determined for the 5.5-kb HindIII insert of pHH2. The first nucleotide of the start codon (ATG) of the galE gene was assigned as the beginning of the gal sequence for S. typhimurium (Fig. 4) . A single open reading frame which codes for three separate polypeptides of 337 amino acids (bp 1 to 1011), 348 amino acids (bp 1027 to 2070), and 380 amino acids (bp 2077 to 3216) was found. There was less than 70% homology between the nucleotide sequences coding for the gal operons of S. typhimurium and E. coli (8, 18) . The deduced amino acid sequences for the gal open reading frames of these two organisms appeared to be highly conservative, with more than 90% homology. The mismatched amino acids between the S. typhimurium and E. coli gal enzymes were usually found to have similar hydropathy characteristics, e.g., valine versus isoleucine, glycine versus glutamic acid, and serine versus proline. Thus, the Fig. 1 and 2) . Subcloning of restriction fragments of pHH6 ' and pHH2 was performed in a similar fashion, and similar recombinant plasmids coding for identical gal activities were derived from these two parental plasmids. The galT genes of S. typhi and S. typhimurium were encoded by similar 1.3-kb 0 0 PvuI fragments of pHH6 and pHH2. The gal regulatory * ¢ region and galE locus were both located upstream from galT 0 in both pHH2 and pHH6. The third gal gene, galK, was located downstream from galT in both pHH2 and pHH6. , Too many endonuclease restriction sites were located within a the galK structural genes of S. typhimurium and S. typhi ( Fig. 1 and 2 (29) . The striking aspect of the organization of the regulatory loci of the gal operon in E. coli is the existence of two essential operators which are separated by more than 90 bp and which flank, but a do not overlap, the promoter region (16, 20 (Fig. 4) . Nucleotide sequence analysis also showed that the gal operon of S. typhimurium contains two operator loci, C OE (5'-GTGGAATCGTlTTACAC-3') and o0 (5'-GTGGTA GCGGTTACAT-3'), having sequences perfectly matched to those of the E. coli gal operon (16, 20) . The former is located 0 around -79, i.e., upstream of the promoter sequences, and the latter is located in the +20 region, i.e., downstream of the promoter sequences and inside the galE structural gene. in the -52 and +45 regions (16) . However, the distances between two gal operators for these two organisms are approximately the same, 99 versus 97 bp. The homologous gal operator sequences explain the binding capacity of the S. typhimurium gal operators encoded by the multicopy plasmid that can titrate out the gal repressor activity of the galR(Sup) mutation in the E. coli background. This explanation is consistent with the results of the derepression experiments, indicating that the repressor-binding activities are always associated with the nucleotides coding for the galE gene but not the other two distal genes, galT and galK. The nucleotide sequence data and gal repressor-binding experiments of this study further confirm the unique regulatory loci of the E. coli gal operon that had been previously established through extensive genetic and biochemical studies.
A Southern blot study under highly stringent conditions (50% formamide and 65°C wash temperature) with the S.
typhimurium galT gene on the 1.3-kb PvuI fragment as a radioactive probe revealed that homologous nucleotide sequences exist among E. coli, S. typhimurium, S. typhi, and Shigella flexneri. However, the restriction maps for the gal coding sequences of E. coli and S. typhimurium are totally different. It is surprising that the nucleotide sequences of the S. typhimurium gal structural genes (galE, galT, and galK) have less than 70% homology with the corresponding genes of E. coli, whereas the promoter and operator sequences for these two operons are perfectly matched. Because of codon degeneracy, the deduced polypeptide sequences of these two operons have more than 90% homology. The number of amino acid residues for the galactose enzymes of S. typhimurium and E. coli are slightly different: 337 versus 338 for galE, 348 versus 347 for galT, and 380 versus 382 for galK. The longest mismatched amino acid sequences are found near the carboxy terminus of UDPgalactose 4-epimerase. It is therefore likely that the carboxy end of the epimerase does not play an essential role in enzymatic functioning.
